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On theTrail of Mutations A
at MIT
"Basically, the way this center oper-
ates is that it starts with human disease
andworksbackwards to adearandproba-
ble cause," says Director William Thilly
describing MIT's Center for Environmental
Health Sciences (CEHS). "If the problem
stems from agenetic mutation, then we try to
figure outwhatcaused that mutation-exoge-
nous chemicals, endogenous chemicals, or a
replication error."
Although much public policy is now
based on the premise that the mutations
occurring in people are caused by environ-
mental chemicals, nobody hasyetproven that
hypothesis, Thillymaintains. "The hypothesis
is widely believed but has barely been tested,
mainly because there's little or no technology
available to testit."
The center, a consortium offaculty mem-
bers with backgrounds in food chemistry,
combustion engineering, water resources, ana-
lytical chemistry, and toxicology, has set out
to determine whether environmental chemi-
cals cause mutations and, ifso, to linkspecific
chemicals to specific mutations and to corre-
late those mutations, in turn, with particular
diseases. CEHS researchers have had to devel-
op an array ofnew tools to trace chemicals
and their byproducts from the source ofcont-
amination through the environment and into
the human body. "You've got to findameans
ofgetting inside people and seeing what's
going on, firsthand, because extrapolations
from animal studies or cell culture experi-
ments arescientificallydubious," Thillystress-
es. "New methods ofanalytical chemistry can
tell us whether or not certain chemicals are
makingtheirwayinto thebody. "
The long-term goal, according to Thilly,
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is to protect people from mutations,
"becauseweknowthat's howalotof
diseases start. Butwe've got to figure
out what's causing these mutations
before we can be in a position to protect
anybody."
AConfluence ofIdeas
The MIT CEHS came together over a num-
ber ofyears, as interrelated research strands
became entwined. Among the earliest multi-
disciplinary efforts was a research project in
food toxicologysupported byan NIEHS pro-
gram grant andled byGeraldWogan, current
director of the Division ofToxicology at
MIT. Starting in the early 1960s, Wogan and
his colleagues discovered that eating food
laden with aflatoxin B, a fungal agent that
grows on damp peanuts, can put people at
risk for liver cancer. The finding eventually
led to standards which protect consumers
from the fungus, as well as away ofmonitor-
ing peanuts, corn, rice, wheat, and other
grains for the presence ofthis mold contami-
nant. Because the aflatoxin molecule is fluo-
rescent, the toxin can be detected byscanning
peanutswith afluorometer. Theworkalso led
to the establishment ofa graduate toxicology
programatMIT.
In the mid-1970s, Thilly and Ronald
Hites-an Indiana University professor who
chairs the CEHS Advisory Committee-
teamed up to identify the chemicals coming
outoffossilfuelcombustion systemsthatwere
capable ofcausing genetic changes in human
cells. At the time, most people believed that
the compound benzo[a]pyrene was largely
responsible forthe increased incidence oflung
cancer in urban areas. However, Thilly and
Hites learned that other compounds,
cydopenta[calpyrene and fluoranthene, were
even more important
mutagens because of
their higher concentra-
tions in combustion
products. Work with
combustion engineers
revealed that adjusting
home oil burners to
eliminate visible smoke
had no effect on the
total amount of muta-
gensreleased.
This research pro-
gram in combustion,
which brought mechan-
ical engineers, analytical
chemists, and toxicolo-
gists together in a joint
mission, led to the
establishment in 1977
of an NIEHS Environ-
mental Health Sciences
Center at MIT which unofficially came to be
known as the "Soot Center." Wogan was
nameddirectorandThillybecameresponsible
for the center's engineering/toxicology collab-
orations.
In the mid-1980s, with programs under-
way in food toxicology and air pollution, the
center's leaders decided to launch a new pro-
gram in water quality. CEHS projects would
then coverthe three main avenues-food, air,
and water-by which exogenous chemicals
enter the human body. In 1985, Thilly took
over the director's post and began work with
MIT geochemist Harold Hemond to develop
MIT's contribution to the NIEHS Superfund
Basic Research Program. The Aberjona
Watershed Study, directed by Hemond, was
initiated in 1987 to find outwhich chemicals
are entering thewaters oftheAberjona Basin,
where these chemicals are moving to, and the
threat they pose to humans. The watershed
lies within 10 miles ofMIT and is home to
about 70,000 people. The project is a large
undertaking, involving the cooperative effort
of geologists, hydrologists, chemists, civil
engineers, air pollution specialists, and toxi-
cologists.
"These big, interdisciplinary ventures
don't come together overnight," says Thilly,
who has been building the center's programs
since the mid-1970s. "It takes several years of
working together before scientists and engi-
neers with such diverse backgrounds can
develop a common language that enables
them to understand each other." The CEHS
is stil tryingto expandits reach,with ongoing
attempts to bringmaterials scientists, aeronau-
tical engineers, and other specialists into the
fold. "We'reespeciallylookingto attract more
young people," Thilly says. "The 'heavy hit-
ters' inthis fieldarestartingto getgray."
Structure
The CEHS has an annual research budget of
about $8.6 million, 95% from the National
Institutes of Health (about 83% ofwhich
comes from NIEHS). The Department of
Energy contributes the remaining 5%. The
work is divided into four areas-air quality,
waterquality, analytical chemistry, and genet-
ics and toxicology-which are in almost con-
stantcollaboration.
The airborne toxins program serves as a
good example of this multidisciplinary
approach. Combustion engineers study
engines and emissions. Atmospheric chemists
sample emissions at the source and then see
what happens in the air as chemicals react
with water, oxygen, and sunlight. Analytic
chemists conduct further studies in the lab to
identify compounds that enter the human
body through food, water, or air.
Toxicologists then tryto determinewhatkind
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John Duranttakes samples ofwaterfrom the
Aberjona Basin.
of damage may result from the exposure.
"Everything is tightly integrated," Thilly
notes.
The CEHS has three core laboratories.
The Analytical Chemistry Laboratory, direct-
ed by Arthur Lafleur, uses sophisticated
instrumentation to analyze the complex
chemical mixtures contained in air, water, and
soil samples. A group located in the MIT
Nuclear Reactor Laboratory, headed by Ilhan
Olmez, performs neutron activation analysis
toidentify metals and trace elements found in
environmental samples. The Genetic Toxi-
cology Laboratory, led by John Hanekamp,
coordinates collection ofsurgical discard spec-
imens through a variety ofdinical collabora-
tors. Human cell mutation assays are per-
formed byGentest, a private companyfound-
ed by graduates of the MIT program, which
specializes in genetically engineering human
cell lines to express drug metabolizing
enzymes found in human tissues.
Air Quality
Adel Sarofim, an MIT professor ofchemical
engineering, heads the Air Quality Program.
The research covers three basic fronts: mecha-
nisms by which organic and inorganic pollu-
tants reach the atmosphere; processes which
transform these chemicals in the atmosphere;
and the means by which the resulting chemi-
cal mixtures aredeposited on thelungs. Much
ofSarofim's efforthas been devoted to astudy
ofcombustion-generated aerosols, indcuding
polycyclic aromatic hydrocarbons [PAHs].
Among other questions, he and his colleagues
are trying to find outwhich size particles pose
thegreatesthealthhazard.
John Durant, a civil and environmental
engineer at Tufts University who collaborates
with the CEHS, got involved in air quality
research as a result ofhis prior work on the
Aberjona Basin. In 1992, Durant discovered
that the majority of mutagens in the water-
shed come from airpollution, not from direct
discharges into thewater. This findingcontra-
dicted the assumption that all ofthe chemical
contaminants in the region were mainly of
industrial origin, dumped into nearby streams
over thecourseofmanydecades.
One class of airborn chemicals, PAHs,
stand out in exhausts from various combus-
tion systems, according to Durant, as "the
most ubiquitous, abundant, and potent [in
human cell mutation assays]." Durant has
worked with Professor Glen Cass ofCalTech
to set up an air monitoring program at the
Aberjona watershed and at other sites in
Massachusetts, Rochester, NewYork, and the
Los Angeles, California area. Using bioassay
directed chemical anaysis, the researchers have
found a wide variety of highly mutagenic
PAH derivatives are apparently created in
atmospheric transport.
showed that the water supply did not signifi-
candy contribute to the presence ofmetals in
children.
Another project is investigating the fate of
arsenic, chromium, and mercury in the lakes
of the watershed. "The concentrations of
these metals in lakes and rivers fluctuate dur-
ing the course ofthe year, and we're trying to
understand the processes that bring these
materials up from the sediments," Hemond
explains. To date, researchers have identified
three different strains ofbacteria which affect
the mobility and solubility of arsenic in the
Aberjona Basin. One organism converts
arsenic to a more toxic and soluble form
called arsenite. Another organism converts
arsenic to a relatively immobile form that
binds to soils on the bottom and could poten-
tiallybe utilized forbioremediation purposes.
Another study is trying to ascertain path-
ways bywhich contaminants in ground water
can infiltrate municipal wells. The MIT team
has developed a new tool called a "piezocone
penetrometer" to probe soils and wetlands in
search ofconduits to thewells. In two munic-
ipal wells in theAberjona Basin, the team has
found layers ofsand that could have provided
access between the river and the wells, and is
performing hydraulic tests on these layers to
Water Quality
The Water Quality Pro-
gram, led by Harold
Hemond, draws on hy-
drology, geology, and
microbiology to study the
fate of chemicals intro-
duced into ground and
surface waters, especially
from hazardous waste
sites. The Aberjona Basin
offers a case study for
determiningwhich chemi-
cals, ifany, in the region
have adverse effects on
human health, as well as
the environment. A broad
range of research pro-
grams are underway to
explore thesequestions.
Although Hemond
and colleagues have
shown that metals such as
chromates and arsenites
continue to move into the
surface waters of the
aquifer from a local
Superfund site, a major
study using neutron acti-
vation analysis of hair
samples from children iv- TheAberjona Basin offers a unique case studyforthe effects ofenviron-
ing on the watershed mental chemicals on human health.
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Arthur LaFleur isolates mutagens in air samples in the Analytical Chemistry Laboratory.
determine ifthey were the actual pathways of
water flowwhen thewellswere in use.
Yet another project is examining volatile
organic compounds [VOCs], chemical sol-
vents which, according to Hemond, "are
widespread in this watershed and virtually
every industrialized watershed." MIT investi-
gators are employing a newly devised "dual
tracer technique" for measuring the amount
of solvents coming into a given stretch of
stream. "This measurement was not possible
in the past," Hemond says. "The technique
provides an estimate ofwhere ground water
contaminants are, how fast they are leaving
through discharge to streams and rivers, and
how long it will take for ground and surface
waters to dean themselves up. We can deter-
mine whether it's a one-year problem, a
multi-year problem, or a century-long prob-
lem."
Analytical Chemistry
TheAnalytical ChemistryLaboratory is acen-
tral resource, acting as a point ofconnection
between several diverse projects within the
CEHS. Considerable effort has been devoted
toward characterizing the chemicals emanat-
ing from Superfund cleanup sites in the
Aberjona Basin. From its beginning, the lab
has focused on the wide variety ofPAH com-
pounds and their derivatives which are dis-
charged to the environment by combustion
systems.
"Isolating the mutagens in air samples is
an involved process," explains Lafleur. First,
particulates are placed in an organic solvent.
"These particulates are coated 4ith every-
thing-protein, pollens, anddust-butonlya
small percentage ofthe stuffconsists ofactive
compounds," he says. The sample is fraction-
ated, or split into many parts, and then tested
for mutagenicity. Fractions which show no
signs of mutagenic activity are discarded;
active samples are split and tested again. This
process, known as bioassay directed chemical
analysis, waspioneeredbyHitesandThilly.
After compounds are shown to be muta-
genic by tests on human cells, two comple-
mentary analytic methods are used to identify
them-GS-MS [gas chromatography-mass
spectrometry] and GC-FTIR [gas chromatog-
raphy-fourier transform infrared spectrome-
try], the latter reserved for bigger molecules.
About 1000 different compounds have been
tested, some ofwhich have led to the discov-
ery ofchemicals that significantly contribute
to the mutagenicityofair mixtures.According
to Lafleur, most ofthe mutagens identified so
far are PAHs or other aerosol derivatives.
"We've identified the important chemicals
that are produced by fossil fuel burning," he
says. "Now we're considering the next steps:
whathappens to thisstuffin the air, howdoes
itget insidepeople, andwhathappens there?"
Genetics andToxicology
Toxicology research draws on basic studies of
genetic changes in bacteria, yeasts, human cell
cultures, and rodents while moving toward
the ultimate goal ofdirectly observing genetic
changes in humans. Organic chemist John
Wishnokhas shown that nitric oxide (NO), a
compound involved in many normal physio-
logical functions, may become a dangerous
human toxin under some circumstances.
Recent data suggest that NO can damage
DNAwhen the bodyproduces it in quantities
associated with inflammation. "In test tube
reactions and experiments with live human
cells, we've identified at least two mechanisms
bywhichNO damages DNA," Wishnoksays.
"There is some evidence of this occurring in
lab animals. Now we're trying to develop
methods at the spectroscopy lab to show that
this is actuallyhappeningin people."
Senior research scientist Paul Skipper is
part ofa group investigating the link between
PAHs and lung cancer. In particular, they are
looking at adducts-new chemical structures
formed between a carcinogen and biomole-
cules-created when a PAH molecule lodges
in the lungs. Adducts in DNA, according to
the conventional wisdom, lead to mutations
which may result in cancer. Adducts formed
by benzo[a]pyrene can be detected in these
samples by laser-induced fluorescence, a tech-
nique developedatMIT.
Meanwhile, Thilly and his colleagues have
devised a new technique called mutational
spectroscopy that canidentifyDNAalterations
inside human organs. The method is now sen-
sitive enough to detect one point mutation (a
change in a single DNA base) in one million
cells. A ten-fold increase in sensitivity is still
needed to studygenes that are mutated to pro-
duce human cancers, Thilly says, but he is
encouraged by the fact that the approach is
already a thousand times better than it was in
1993. The center's program in Genetics and
Toxicology links MITtoxicologists with mole-
cular genetics faculty to study the pathways of
spontaneous mutation. In 1996, Steven R.
Tannenbaum will succeed Wogan as head of
theToxicologyDivision atMIT.
Bringing ItAllTogether
The the various programs ofthe CEHS com-
plement each other considerably. For exam-
ple, studies of pond sediments reveal that
some of the most important contaminants
originate as air pollutants. Efforts to control
air emissions, conversely, can have a critical
bearing on water quality. The crossover
between thesedifferent fields maybe the most
important legacy ofthe CEHS-setting up a
mechanism whereby the collective talents of
experts in a variety of disciplines can be
brought to bear on complex problems which
had previously been intractable. "Before the
CEHS was formed, the people who moni-
tored smokestack emissions, the people who
analyzed water samples, the people who stud-
ied exposures to toxic chemicals, and the peo-
plewho investigated the theory ofcancer had,
for the most part, all worked separately,"
Thilly notes. "That's what this center is all
about-bringingthesedisciplines together."
Steve Nadis
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